A new modified integral resonant control (IRC) scheme is demonstrated herein for vibration suppression of the flexible links of parallel kinematic mechanisms (PKMs). Typically, the resonance frequencies and response amplitudes of the PKM links experience configuration-dependent variation within the workspace. To address these variations, a robust quantitative feedback theory (QFT) approach is utilised herein on a cantilever beam, with a variable tip mass as a proof of concept. The proposed IRC scheme is synthesised with the plant templates within the QFT environment to compare its: 1) robust stability; 2) vibration attenuation with the existing IRC schemes. It is shown that the proposed IRC scheme exhibits improved robustness, while it can maintain its vibration attenuation capability. The proposed IRC is subsequently implemented on a PKM flexible link. The simplicity of the proposed control system makes it a practical approach for vibration suppression of the PKM links, accommodating substantial configuration-dependent behaviour.
Introduction
The use of lightweight moving links in parallel kinematic mechanisms (PKMs) for applications that require high-speed, and high-acceleration motion leads to structural vibrations (Zhang et al., 2007) . The structural vibration resulting from the flexible links of PKMs decreases the PKM positional accuracy. To avoid excessive vibration in general, the unwanted structural vibration of PKMs must be suppressed.
To achieve this objective, active vibration suppression methods using various control schemes have been proposed in the literature. There are typically two issues that the controller must address in vibration suppression of the PKM flexible links. The first significant issue is due to the configuration-dependent structural dynamic properties of the PKM as the PKM moves within the workspace (Wang et al., 2009) . Such configuration-dependency of the PKM structural dynamics calls for the need to design a control system that is robust to variations in the resonance frequencies and mode shapes of the PKM links.
In addition to the configuration-dependency of the structural dynamic parameters, one notes that while model-based approaches can be used to reduce linkage vibration, these control system design approaches are generally based on the nominal model of the PKM link dynamics. During typical operation of the PKM, the linkage vibration frequencies, and mode amplitudes will change due to unknown changes in the physical parameters of the PKM such as added masses/payloads to the moving platform. Hence, an improvement in the robust performance over existing methods, as we propose in this paper, is very important. Significantly, the naturally occurring variation in link dynamic parameters with PKM configuration can readily be treated using the same controller with robustness properties that address the effect of unknown dynamic parameters on these linkage mode frequency and amplitude. In the following, we present the application of a new modified integral resonant control (IRC) (Aphale et al., 2007) approach to address the two issues, utilising the robustness of the proposed controller. These variations in the structural dynamic characteristics and physical parameters of the PKM are typically treated as plant uncertainties in the design of the robust controller.
The current status of research which addresses this issue is briefly summarised here. An H ∞ -based robust gain scheduling controller was proposed for a segmented robot workspace in Algermissen et al. (2011) . The controller was implemented on a piezoelectric (PZT) actuated rod of a PKM to suppress the axial vibrations of the robot links. To account for variation in the modal frequencies of the PKM, an H ∞ controller was proposed by Kermani et al. (2006 Kermani et al. ( , 2007 , and was implemented on a PZT stack transducer mounted on the robot links. In Ast et al. (2008) and Ast and Eberhad (2009) , linear quadratic regulator (LQR)-based controllers were used in conjunction with integral force feedback and H 2 -based robust controllers to suppress the axial vibrations of the PKM link. The above-mentioned model-based robust control techniques are shown to be able to suppress the configuration-dependent resonance frequencies of the PKM links. However, the implementation of such control techniques on flexible robotics is often problematic due to the mathematical complexity of the dynamic models.
The quantitative feedback theory (QFT) is another control methodology that directly incorporates the plant uncertainty in the controller design. Generally, the QFT approach accommodates the frequency-domain response of a set of possible plants that fall within the predefined parameter ranges, called the plant templates. The control scheme is designed such that all possible closed-loop systems satisfy the performance requirements. The QFT approach has been applied for active vibration control of a five-bar PKM (Karande et al., 2009) , and flexible beams equipped with piezoelectric actuators and sensors (Choi et al., 1999 (Choi et al., , 2006 (Choi et al., , 2013 Kerr et al., 2007) . Current design methodology of the controller scheme in the QFT is based on loop-shaping, which is a heuristic procedure with further details given in Houpis, et al. (2006) .
The IRC, originally introduced in Aphale et al. (2007) , is a simplistic method to suppress vibration of flexible structures equipped with collocated transducers. Specifically, the application of the IRC approach leads to a lower order controller when compared with other control schemes (e.g., H 2 , H ∞ , and LQG). The IRC scheme was proved to perform well in vibration suppression of flexible beams (Aphale et al., 2007) and single-link manipulators (Pereira et al., 2011) . Furthermore, the robustness of the IRC scheme to variations of the resonance frequencies of a flexible beam was also examined in Aphale et al. (2007) and Bhikkaji et al. (2012) by increasing the tip mass of the cantilever beam and obtaining the closed-loop response in the presence of this added mass.
Motivated by increasing the bandwidth of the IRC scheme, and maintaining its robustness with respect to plant uncertainties, a resonance-shifting IRC scheme was recently introduced in Namavar et al. (2013) . The underlying concept of the resonance-shifting IRC in Namavar et al. (2013) was to add a unity-feedback loop around the plant with a constant gain compensator in the feed-forward path. The resulting closed-loop system was then combined with a standard IRC control scheme to impart damping (and tracking capability) to the system. The unity-feedback loop with constant compensator gain shifted the resonance frequency of the plant forward to higher frequencies, leading to an increase in the system bandwidth. This paper presents a new modified IRC scheme for vibration suppression of PKM links undergoing bending vibration. The proposed modified IRC scheme herein is obtained by removing the compensator gain from the feed-forward path of the resonance-shifted IRC and placing it in the feedback loop. The proposed IRC scheme is synthesised with the plant templates of a proof-of-concept flexible cantilever beam with a variable tip mass within the QFT environment to compare its 1 robust stability 2 vibration attenuation with the existing IRC schemes.
It is shown that the proposed modified IRC scheme has improved robustness characteristics compared to the existing IRC schemes, while it can maintain its vibration attenuation capability.
The proposed IRC is subsequently implemented on the PKM flexible link as an example to verify the behaviour of the approach when subjected to configuration-dependent mode resonance frequencies and response amplitudes.
System modelling
To apply the active vibration control to the PKM links, it is assumed that multiple PZT bending transducers are mounted on the surface of the flexible links of a PKM. The eletromechanical equations of the PKM flexible links relate the input voltage to the PZT bender actuators to the output voltage from the PZT bender sensors. We utilise existing dynamic models of this structure, with appropriate citations of the literature. The truncated n-mode modal equations of the combined PKM links with p PZT transducer(s) pairs in its general form can be expressed as (Zhang et al., 2010 1 the modal forces resulting from the inertial forces due to the coupling effect among the various PKM links 2 the modal forces resulting from the motor dynamics of the PKM.
Further details and explanation of the coupling terms is given in Zhang et al. (2010) . Matrices M and K in their general form contain nonlinear terms that are dependent on the joint-space configuration of the PKM. The resulting response under this configuration-dependent dynamics would be variations in the structural dynamic characteristics. In order to illustrate the performance of the proposed control scheme, a cantilever beam with variable tip mass is considered as a proof-of-concept. Such a choice of the cantilever beam avoids the complications arising from the coupling effects between the PKM links and, the motor/joint dynamics [i.e., F c in equation (1)]. Furthermore, the variable tip masses of the cantilever beam can represent the variable structural dynamics of the PKM link. Subsequently, the approach is implemented on the flexible link of the PKM. Figure 1 shows a schematic of the side view of a flexible beam with PZT transducers. Herein, we consider each PZT transducer to comprise a PZT actuator and a PZT sensor, where the latter is positioned at the centre of the transducer through an electrode isolation process from the PZT actuator ( Figure 1) .
The beam and each transducer thickness are t b and t p , respectively, and the depth of the beam and the transducers is b. The polarisation direction for each PZT transducer pair is the same, i.e., the combined beam and PZT actuators operate in a bimorph configuration with parallel operation. The bimorph configuration refers to the beam and PZT transducer structural arrangement where two identical PZT transducers are mounted on the top and bottom of the host structure (e.g., the beam) . The mass-normalised electromechanical equations of the cantilever beam with a tip mass are expressed as:
where ζ r , and ω r are the r th mode damping ratio and resonance frequency, q K are the PZT actuator and sensor electromechanical coefficients, respectively, and are expressed as:
where E p and d 31 are the Young's modulus, and transverse coefficient of the piezoelectric strain, and C p is the capacitance of the PZT sensor. The resonance frequencies and mode shapes utilised in equations (2) and (3) are obtained from the solution of the frequency equations of the proof-of-concept. Specifically, the frequency equation is calculated from a model that incorporates the added structural properties of the PZT transducers to those of the beam. To this end, a discontinuous Euler-Bernoulli beam with N jumped discontinuities is utilised, with further details given in Jalili (2010) and Salehi-Khojin et al. (2008) . Clearly, the modal coordinate amplitudes and frequencies in equation (2) vary depending on the magnitude of the tip mass. 
where A r > 0, ∀r = 1, …, n is the modal residue of the transfer function, and can be expressed as:
For (nearly) collocated PZT actuators and sensors, we must have A r > 0, ∀r = 1, …, n. As mentioned before, to account for the variations of the structural dynamics of the PKM link, the tip mass is treated as a variable. As a result of the changes in the tip mass, the natural frequencies and modal residues of the transfer function vary within the range of [ , ] min max r r ω ω and [ , ] , min max r r A A respectively. As we shall see in Section 3, such variations in the structural dynamic characteristics are treated as system uncertainties to be accommodated by the controller design.
Controller design
The proposed control scheme is a new modification of the IRC scheme, that was originally introduced in Aphale et al. (2007) , and was later modified in Namavar et al. (2013) . The proposed control scheme is implemented on a proof-ofconcept cantilever beam with variable tip mass. To account for the parameter uncertainty in the controller design, a set of plants (i.e., plant template) are generated within the QFT design environment. The modified IRC scheme is designed based on a nominal plant within the template and synthesised with it to compare its 1 robust stability 2 vibration attenuation characteristics with the existing IRC methods.
In the following, we briefly review the existing related IRC literature, to provide the basis for the modified IRC approach, presented in this paper.
Overview of the standard IRC
The design procedure for the standard IRC was originally provided in Aphale et al. (2007) and is briefly reviewed in this section. and Y(s) are the reference input, disturbance input, and plant output signals for the closedloop system, respectively. It is known that the phase response of flexible collocated systems lies between 0'and -180' and it exhibits a pole-zero alternating pattern in the frequency domain (Aphale et al., 2007; Preumont, 2011) . It was shown in Aphale et al. (2007) that by adding a constant term, D f (called feed-through) to G(s), a zero less than the first natural frequency of the plant is added. Furthermore, the modified plant, ( ), G s shows zero-pole alternating pattern of (Bhikkaji et al., 2012 ): is the r th pole, if D f < -G(s)| s=0 < 0.. "A negative integral controller in negative feedback, which adds a constant phase lead of 90°, will yield a loop transfer function whose phase response lies between +90° and −90°; that is, the closed-loop system has a highly desirable phase margin of 90°" (Aphale et al., 2007) .
To avoid the high controller voltages at low frequencies, and to facilitate the stability analysis, the above IRC control scheme was rearranged in an equivalent form as shown in Figure 2 (b), where U(s) is the input to the plant (Pereira et al., 2008) . In the equivalent form, ˆ( ) C s is obtained in its general form as (Al-Mamun et al., 2013):
Therefore, if an integral compensator ( ) k C s s = is used, the equivalent compensator can be rearranged as 
Resonance-shifted IRC
The resonance-shifted IRC was introduced n Namavar et al. (2013) to order to improve the bandwidth of the standard IRC scheme. To assist the reader with the IRC scheme presented in this paper, the resonance-shifted IRC is briefly reviewed. The resonance-shifting IRC closes a unity feedback loop with a constant gain compensator, ˆ( 1), k k > as given in Figure 3 .
Application of the unity feedback with the constant compensator gain on the plant transfer function given by equation (5) 
We assume that the modes are well-spaced, and therefore the mode-coupling is neglected here. It is noted from equation (4) increasing the system bandwidth.
Proposed modified IRC
The modified IRC scheme presented herein is obtained by removing the compensator gain from the feed-forward path of the resonance-shifted IRC and placing it in the feedback loop [ Figure 4 (a)]. The block diagram of the proposed control system in conjunction with the equivalent IRC scheme is given in Figure 4 
Comparing equations (9) and (10), it is noted that for ˆ1 , k > the equivalent transfer function of the proposed IRC scheme, H 2 (s), is smaller than those of the resonance-shifted IRC, H 1 (s), and the standard IRC, G(s). (H 2 (s) < H 1 (s), and H 2 (s) < G(s)). As we shall see in the sub-section 3.4.1., the reduced equivalent transfer function of the proposed IRC scheme leads to improved robust stability compared to the other two control schemes.
Utilisation of the IRC-based control schemes in QFT
The QFT was originally introduced in Horowitz and Sidi (1972) as a robust control methodology that aims to attain the desired performances for the closed-loop system under the existence of plant uncertainty and plant disturbances Herein, an overview of the existing QFT method in the literature is briefly provided to facilitate subsequent analyses with further details given in Houpis et al. (2006) . Utilising a frequency-domain approach, the QFT method takes into account the parameter uncertainty by systematically generating the set of all possible plants (called the plant template) that can be achieved using the parameter ranges given in the problem (Houpis et al., 2006) . The plant template contains a number of possible plants for a given frequency range of interest. The plant template is represented in the Nichols chart, where each plant at a given frequency can be presented by a point in the Nichols chart. A different plant at the same frequency may be represented by a different point than the previous plant in the Nichols chart. Therefore, all possible plants at a given frequency would constitute a set of points in the Nichols chart. Same would apply to other frequencies. A nominal plant (i.e., with specific parameters) is chosen for the entire frequency range of interest for subsequent analyses. Once the plant template and the nominal plant are obtained, a set of bounds must be defined to ensure that all possible plants in the template can meet the requirements. For vibration control structures undergoing parameter uncertainty, these requirements are expressed by: 1 robust stability 2 vibration attenuation (represented via disturbance rejection) which are further discussed here.
Robust stability
The stability margin is represented via gain margin (GM) and phase margins (PM) or the correlated M L contour (called U-contour), as discussed in detail in Choi et al. (1999) . The specified gain and phase margins of every plant within the plant template must be sufficient to ensure robust stability against parameter variation. The U-contour is represented in the Nichols chart. "To guarantee a sufficient phase margin, the loop gain (denoted as Lk(jω)) must not enter the U-contour in the Nichols chart at any of the given frequencies" (Tsai et al., 2011) . The U-contour for a unity-feedback system is defined as: 
For the standard IRC scheme (k = 0), the loop gain is given by 0( ) ( ) ( ). L jω C jω G jω = Similarly, for resonance-shifted IRC (k = 1), and the proposed IRC schemes (k = 2), the loop gains are expressed by
It was noted in Section 3.3 that the equivalent transfer function for the proposed IRC was smaller compared to those of the resonance-shifted IRC and the standard IRC. Therefore, one concludes that: 
The above inequalities imply that the closed-loop magnitude of the proposed IRC scheme is smaller than those of the standard IRC and the resonance-shifted IRC. Namely, smaller values of M L can be set for the proposed IRC scheme compared to the other two control schemes which leads to larger gain margin, and phase margins. Therefore, the magnitude of the FRF, T Rk (jω), is considered as the index of robust stability for the closed-loop system.
Vibration attenuation
The vibration attenuation is represented via the input disturbance of the control system in the presence of disturbances at the input of the plant. To satisfy the disturbance rejection requirement, the FRF from the plant disturbance to its output must be less than or equal to the required value over a frequency band of interest. In other words, we must have:
Figure 5 Proof-of-concept cantilever beam with variable tip mass (see online version for colours)
Results and discussions
The simulation and experimental results of the proposed modified IRC method is presented and compared with the standard IRC and resonance-shifted IRC schemes. As a first step, the results are given for the proof-of-concept flexible beam with variable tip mass, followed by comparative analysis of the 1 robust stability 2 vibration attenuation based on the QFT method.
Following this, the proposed modified IRC scheme is implemented on a PKM prototype with flexible link at multiple configurations.
Proof-of-concept
The plant used as the proof-of-concept is a cantilever beam with three pairs of (nearly) collocated actuators and sensors and a tip mass ( Figure 5 ). The dimensions and properties of the aluminium beam and each PZT transducer used in the simulations is given in Tables 1 and 2 Table 2 . The damping ratios of the first three modes identified from experiments are ζ 1 = 0.028, ζ 2 = 0.045, and ζ 3 = 0.013. Figure 6 . To represent the variable structural dynamics in the plant, the tip mass was varied from its nominal value of 1X (i.e., 13.2 gram) to four times its nominal value, or 4X (i.e., 52.8 gram) by manually adding additional masses to the tip of the beam. Figure 7 shows the FRFs of the beam when the tip mass was increased from 1X to 4X. As expected, the resonance frequencies of the system with the additional mass (4X) are reduced compared to those of the nominal mass. As a result of changing the tip mass, the first three resonance modes and their corresponding modal residues of the open loop transfer function [equation (5)] were calculated to vary within the ranges, as given in Table 3 .
To compare the 1 robust stability, 2 vibration attenuation of the proposed IRC-based controller, with those of the standard IRC and resonance-shifted IRC schemes, the following procedure was followed.
The nominal plant transfer function was selected to be G 1X . A set of performance specifications with respect to robust stability and disturbance attenuation was defined for the closed-loop system, for the frequency band of 0-1000 Hz. A standard IRC compensator, ˆ( ) , f k C s s kD = + was synthesised with the nominal plant using MATLAB Control System Toolbox TM . The controller gain k, and pole p = kD f were tuned to satisfy the constraint on the performance specifications using numerical optimisation of the toolbox.
The feed-through term was calculated from ,
ensured that the condition D f ≤ min{-G(0) 1X , -G(0) 4X } is satisfied for all possible plants. If the condition was not satisfied, the numerical optimisation was repeated to obtain a different value of the gain and the pole. For the nominal system at hand, the controller parameters were calculated as p = 430.38 and k = -3,659.8. For resonance-shifted IRC and proposed IRC schemes, the standard IRC was synthesised using the tuned parameters with the equivalent plants H 1 (s), and H 2 (s), respectively. It should be noted that the feed-forward gain for the resonance-shifted IRC scheme and feedback gain for the proposed IRC scheme must be selected so as to ensure closed-loop stability. This can be checked via the root-locus of open-loop system. From the root-locus plot of the resonance-shifted IRC scheme, the range of the compensator gain to achieve stability is obtained as 1 1.67.
The gain value of ˆ1 .3 k = was chosen for subsequent analysis.
Herein, the objective of the control system design was focused on suppressing the 1st and 3rd modes of the cantilever beam. The 2nd mode exhibited relatively lower controllability index compared to the 1st and 3rd modes due to the placement of the 1st PZT actuator pair along the beam, and hence vibration suppression of this mode was not pursued in the analysis. Figures 8(a) to 8(c) show the FRF magnitudes of the closed-loop system using the standard IRC, resonance-shifted IRC, and the proposed IRC schemes, respectively, all with tip masses of 1X and 4X. It is noted that the standard IRC is able to attenuate the first resonance modes for 1X and 4X by at least 10 dB. However, the standard IRC provided less attenuation for the 3rd resonance mode, due to the limited controller bandwidth. Using the resonance-shifted IRC scheme [Figure 8(b) ], it was noted that the attenuation for the 3rd modes was improved, while the attenuation of the 1st modes was comparable to those of the standard IRC scheme.
For the proposed IRC scheme [Figure 8(c) ], the attenuation of the 1st and 3rd modes was noted to be approximately similar to that of the resonance-shifted IRC scheme. To further compare the robustness of the proposed IRC with the resonance-shifted IRC, the QFT analysis is conducted using the QFT Toolbox in MATLAB (Garcia-Sanz et al., 2013) . In the following, we utilise the approach taken in Tsai et al. (2011) to analyse the robustness and vibration attenuation of the proposed IRC controller. As the first step, the plant template is created given the parameter variation range in Table 3 . Figure 9 shows the plant template for the proposed IRC scheme for a frequency range of [0-232] rad/s as an example. This frequency range encompasses the variation in frequency of the first resonance mode (Table 3) . It should be noted that the frequency vector for the QFT design environment must have sufficient resolution to capture all plant variations within the band of interest. Herein, for the sake of clarity, the plant template is only shown for a limited set of frequency points. Once the plant template is created, the 1 robust stability 2 vibration attenuation requirements are defined.
At every frequency point, the robust stability requirement sets a bound upon the closed-loop FRF magnitude of the system, given by equation (11), and the disturbance attenuation and equation (14). To satisfy both requirements simultaneously, the union of the bounds, called the U-contours for each requirement is obtained from the Nichols chart (Tsai et al., 2011) . The next step is the synthesis of the controller with the plant template. The synthesis is performed with the Nichols chart with all the U-contours for the frequency band of interest. To compare the robust stability and disturbance attenuation capabilities of the control schemes, the three IRC-based control algorithms previously designed are utilised for synthesis with the plant template. It is noted from Figures 10 and 11 that the utilisation of the proposed IRC leads to a closed-loop response with less sensitivity, and improved robustness to parameter variations than that of the resonance-shifted IRC for almost the entire frequency range. Furthermore, the proposed IRC is able to maintain its disturbance attenuation capability as shown in Figure 11 . Considering the above conclusions are based on the application of the proposed IRC scheme on the proof-ofconcept cantilever beam with variable tip mass, our premise of utilising the proposed IRC scheme to suppress the configuration-dependent structural vibration of PKM links is satisfied. 
Application of the proposed IRC-scheme to vibration suppression of the PKM with flexible links
The architecture of the PKM utilised herein is given in Figure 12 , with further details in Azulay et al. (2014) . The PKM consists of three linkages one of which is made to be flexible with three pairs of PZT transducers attached on its surface. The flexible modes of this flexible linkage have substantially lower resonant frequencies than the other two linkages; hence, the modal coupling due to the presence of other links is avoided as much as possible. The proposed IRC scheme was implemented on the PKM given in Figure 12 . The active vibration control system utilised the LabVIEW real-time module (National Instruments, 2012) , with further details given in Zhang et al. (2010) . The diagram of the control system is shown in Figure 13 . The sensor signals were acquired and filtered using an NI SCXI 1531 signal conditioning unit, with a 4-pole low-pass Bessel filter of 2.5 kHz cut-off frequency. For the control processing unit, we used a desktop-PC with Intel E8400 Core 2 Duo processor with 3 GB of memory, running the LabVIEW Real-Time Operating System (RTOS), as the Target PC. The sampling frequency was 4 kHz. A swept sine (chirp) signal of 3V (peak-to-peak) was applied over a frequency band of 0-1,000 Hz to the 1st PZT actuator as the disturbance input and the sensor signal from the 1st PZT sensor was captured and post-processed using a host PC as the user interface.. The transfer function of the controller obtained from the simulations was discretised and implemented in the LabVIEW real-time code. The output command signal from the controller was amplified using the SS08 power amplifier from SensorTech and applied to the PZT actuator. To examine the performance of the controller under variable structural dynamics behaviour of the PKM, four different joint-space configurations were chosen as an example, as given in Table 4 . For each configuration, the open-loop transfer function of the flexible link of the PKM was measured. Figure 14 shows the open-loop FRFs of the PKM link for four configurations. It is noted that the modes undergo variations in terms of both resonance frequencies and amplitudes.
Specifically, three set of modes are noted in the open-loop response. The 1st, 2nd, and 3rd set of modes occurs at the frequency ranges of Figures 15(a) to 15(d) shows the FRFs of the PKM links with and without control for the each configuration. It is noted that the 1st and 2nd set of modes, herein called low frequency modes, do not undergo significant changes with configuration, and likely arise due to joint clearances. However, note that the 3rd set of mode amplitudes, arising from the bending vibration of the links, are suppressed using the proposed IRC control scheme. The time-response of the PKM link, when the mode corresponding to the link is suppressed, is shown in Figure 16 for home configuration as an example. The results of Figures 15 and 16 show that the proposed IRC scheme is able to suppress the configuration-dependent vibrations resulting from the links of the PKM with reasonable amount of suppression. Specifically, the proposed controller is robust in the presence of variations of resonance frequencies and mode amplitudes while it can maintain its vibration attenuation capabilities.
Conclusions
A new modified IRC scheme is presented and implemented for vibration suppression of the flexible links of PKMs exhibiting configuration-dependent resonance frequencies and mode amplitudes. The proposed IRC scheme is compared with the existing IRC schemes in terms of its robust stability and vibration attenuation under variations in the natural frequencies and mode amplitudes. Using a QFT method, it is proved that the presented IRC scheme has improved robustness over the existing IRC schemes while it can maintain its vibration attenuation capabilities. The significance of the robust performance is that in addition to the configuration-dependent structural dynamics of the PKMs, it is expected that in the typical use of the PKM, the vibration frequencies, and mode amplitudes change due to unknown changes in the physical parameters of the PKM, such as added masses/payloads to the moving platform. The proposed modified IRC control methods exhibits improved robustness over existing approaches, as outlined in this work. Hence this approach permits the good attenuation of linkage vibration characteristics which change as a result of both dynamic model uncertainty caused by unknown payloads, and PKM configuration dependent behaviour. Such improvement in the robust performance is very important, and is provided by our approach. Moreover, the simplicity and performance of the proposed control scheme, compared to the existing robust controllers, makes it a viable solution for vibration suppression of the configuration-dependent links of the PKMs.
